life cycles of Eukiefferiella claripennis (lundbeck 88) The effect of temperature on the life cycles of two chironomid species, Eukiefferiella claripennis and Eukiefferiella minor, was studied by comparing populations from seven spring-fed streams, ranging in annual average temperatures between 5.4°C and 21.3°C. Dependent on stream, both species showed differences in their life cycles: E. claripennis was regarded univoltine in the two coldest streams, IS7 (annual average 5.4°C) and IS11 (5.3°C), and bivoltine or multivoltine in the warmer streams (ranging from 9.7°C to 21.3°C). E. claripennis developed and grew slower in the colder streams compared to the warmer ones. The winter generation in the warmer streams took longer time to complete compared to the summer generation. E. minor was bivoltine in all the streams, with no emergence during the winter in the colder streams, but in one of the warmer streams (IS6, 13.3°C) emergence was continuous throughout the year. In four streams (IS7, cold; IS6, IS5 and IS1, warm) E. minor may even have been multivoltine. There was no trend between the number of generations completed in one year and stream temperature for E. minor. The summer generation of E. minor in the cold stream IS7 produced smaller larvae compared to the winter generation. Following global warming the life cycle of E. claripennis is expected to change from univoltine to bivoltine, and could show changes in emergence pattern. E. minor on the other hand, will likely show less change in its life cycle. Changes in emergence pattern of E. minor could though be possible.
INTRODUCTION
Global average surface warming is projected to be between 0.6°C and 4.0°C at the end of the 21st century compared to 1980 -1999 ). In the Arctic, the projected annual warming is 5°C by the end of the 21st century, estimated by the MMD-A1B ensemble mean projection (Christensen et al. 2007 ). The models range from 2.8°C to 7.8°C (Christensen et al. 2007 ). The greatest warming is expected in winter in the Arctic (ACIA 2004 , Christensen et al. 2007 . By the end of the 21st century the average winter warming ranges from 4.3°C to 11.4°C, and from 1.2°C to 5.3°C in summer under the A1B scenario (Christensen et al. 2007) . Precipitation is also predicted to increase over the Arctic at the end of the 21st century (Christensen et al. 2007 ). Changes in the biota related to climate change are already occurring in the Arctic (CAFF 2010) and in Iceland the effect of climate change on the biota has been significant, with observed changes in vegetation (Wöll 2008) , bird populations (Gunnarsson 2009 , D'Alba et al. 2010 , fish populations (Jónsson et al. 2001 , Antonsson & Gudbergsson 2006 , Malmquist et al. 2009 , Stefansdottir et al. 2010 ) and invertebrates (Gunnarsson & Ásgeirsson 2006 , Thórarinsdóttir et al. 2007 , Libungan et al. 2009 .
It is important to consider the temperature tolerance when determining species response to increased temperature (Walshe 1948) . Species with a narrow temperature tolerance can be expected to either disappear, move to higher latitudes or higher elevations following global warming. For eurythermal species, changes in life history traits can be expected. Growth, development and timing of emergence are some of the lifehistory components that are affected by temperature (Sweeney 1984 , Tokeshi 1995 . Developmental rate increases with temperature up to a maximum (at optimum temperature) from which the developmental rate declines (Taylor 1981) . The same is true for growth rates (Reynolds & Benke 2005) . Species that grow at higher temperatures (which do not exceed their optimum temperature) are therefore able to complete their life cycle in a shorter time (Oliver 1971) , as long as other factors are not limiting. They may then be able to complete more generations per year. Such phenological changes (i.e. changes in voltinism) may be an indicator of species response to climate warming (Menzel et al. 2006 , CAFF 2010 . Studies have shown changes in the phenology of plants, arthropods and birds as a response to climate change, with an advance in flowering dates, arthropod emergence and clutch initiation dates (Stenström & Jónsdóttir 2006 , Høye et al. 2007 . The number of studies on phenological changes related to climate change is limited in the Arctic (CAFF 2010), even though the Arctic is predicted to have the most rapid and dramatic biological response to climate change (Høye et al. 2007) . In general more life-history research is needed (Resh & Rosenberg 2010) .
The aim of this study was to examine the effect of temperature on the life cycles of two eurythermal (Wiederholm 1983 ) chironomid species, Eukiefferiella claripennis (Lundbeck 1898) and Eukiefferiella minor (Edwards 1929) . Spring-fed streams in the geothermal area of Hengill in south-west Iceland, which differed in temperature, were used for the present study. The null hypothesis was that there would be no difference in the number of generations completed in one year by E. claripennis and E. minor in streams differing in temperature. The alternative hypothesis was that the same species living under different temperature conditions would differ in the number of generation completed in one year. Individuals of the same species would complete more generations in the warmer than in the colder streams. Chironomids in the Arctic have life cycles that take one year or longer to complete (Oliver 1968) . A study in Alaska tundra ponds has even demonstrated that it can take chironomids 7 years to complete their life cycle (Butler 1982) . In the temperate region they are usually uni-or Figure . Map showing the location of the research site, Hengill, in Iceland (black square) along with a drawing of the seven streams sampled. All of the streams run into the River Hengladalsá (with arrow indicating the direction of flow). Scale bar 100 m. Drawing was based on aerial photographs with permission from Samsýn ehf.
bivoltine, but completion of three to four generations per year also occurs (Pinder 1986) . Laboratory experiments have shown the effect of temperature on life cycles (Becker 1973 , Mackey 1977 , Brittain 1978 , Al-Habbib & Grainger 1981 , Elliott 1987 , Galka & Brust 1987 , Gíslason 1992 , Frouz et al. 2002 , Reynolds & Benke 2005 , but fewer studies have looked at life cycles at different temperatures in a natural setting (Lam & Calow 1989 , Gíslason 1992 , Nolte & Hoffmann 1992 , Hodkinson et al. 1996 , Ingólfsson et al. 2007 ) as we do in this study.
The streams in Hengill are an ideal model system because they provide a relevant temperature gradient that is largely unconfounded by other physicochemical variables (Friberg et al. 2009 ). Studies have shown that the invertebrate community in the streams in Hengill was dominated by chironomids, with E. minor comprising up to 50 % of the individuals in the colder streams. E. claripennis was also common in all the streams (Christensen 2006 , Friberg et al. 2009 , Woodward et al. 2010 . The streams were species-poor with only 35 taxa recorded, but with the present taxa differing widely in their temperature tolerance (Woodward et al. 2010 ). E. minor and E. claripennis showed a wide temperature tolerance, being recorded in all of the streams in Hengill (Friberg et al. 2009 (Friberg et al. , Ólafsson et al. 2010 . In Iceland the two species are abundant and have been recorded from run-off and spring-fed streams and rivers (Hrafnsdottir 2005) . E. minor has also been reported from glacial streams and in lakes (Hrafnsdottir 2005) .
MATErIAl ANd METHOdS research site
The research site was located in the Hengladalir valleys within the Mt. Hengill area, 30 km east of Reykjavík (64°03'N: 021°18'W, 350-420 m a.s.l.). Seven streams, ranging in summer temperature from 7.7°C to 23.5°C (Friberg et al. 2009 ), were selected for the present study (Figure 1 ). Hengill is a high temperature geothermal area (temperature over 200°C at 1 km depth) in the active volcanic zone, and has about 50 groups of hot springs distributed over an area of 50 km 2 (Árnason et al. 1967) . Moss-and grassland predominates in the Hengill area. Wetlands dominate the Middalur valley where most of the streams are located. Along the River Hengladalsá vast continuous grassland can be found (Gudjónsson et al. 2005) . The streams were all in close proximity to one and other (5-2000 m) (Friberg et al. 2009 ), all running into the River Hengladalsá. All of the streams were spring-fed, either with (IS1, IS5, IS6 and IS8) or without (IS7, IS9 and IS11) geothermal influence (Friberg et al. 2009 ), and forming a temperature gradient. Despite the geothermal influence all the streams were comparable in water chemistry (Rasmussen et al. 2011 ).
Field and laboratory methods
Temperature data loggers (Tidbit, Onset 32K StowAway, USA) were placed in each stream at the beginning of the sampling period, recording water temperature every 30 minutes. Average temperature and standard deviation was calculated for each month for a period of one year, from September 2006 to August 2007. Winter (December, January and February) and summer (June, July and August) averages were also calculated.
The invertebrates were collected with a Surber sampler (KC mini Surber samples) with a frame size of 14 × 14 cm and a 200 µm mesh net. Samples were taken at random coordinates from the stream bed. Five samples were taken during each month of sampling per stream. In two streams (IS6 and IS7) samples were collected for 1.5 years (March 2006 to August 2007 , but for the remaining five over a one year period (September 2006 to August 2007 . Samples were collected monthly during the summer, and every second month during the winter. The samples were preserved in 70 % ethanol until sorted. Macroinvertebrates were sorted and identified under a dissecting microscope to generic or species level. For each sample, a subsample of approximately one hundred chironomid larvae were mounted on a microscopic slide in Hoyer´s medium (Anderson 1954) . A maximum of 500 larvae was accordingly identified from each stream for each month of sampling. If the number of larvae was less than 100 in a sample, all were mounted and identified. The larval head widths (HW) were measured with 0.01 mm accuracy using a graticule ocular in the microscope (100 х magnification) before mounting, to be able to differentiate the instars (McCauley 1974) . The body length of larvae was measured with 0.5 mm accuracy before mounting. The larvae were identified under a high power microscope and notes made on the presence of first instar larvae and prepupae (based on presence of wing disks). Keys used for larval identifications include Cranston (1982) , Wiederholm (1983) and Schmid (1993) . Chironomid pupae and pupal exuviae were identified to the lowest taxonomic level (genera/species) under a dissecting microscope using the keys by Wiederholm (1986) , Langton (1991) and Wilson & Ruse (2005) .
For comparison of the life cycles of chironomids, focus was placed on two eurythermal species E. minor and E. claripennis. They were found in all of the streams and were abundant (Friberg et al. 2009 , Woodward et al. 2010 . Frequency histograms of the head widths were drawn to identify the instars for each species, with each peak representing an instar (Daly 1985) . The average head width, standard deviation and range were calculated for each instar for both species in each stream. Based on rearing, first instar larvae could be determined by morphological features (such as shape of mentum). Spearman´s rank order correlation was performed to see if there was a correlation between the proportions of each instar (separately) of E. claripennis for all the months sampled between a warm (IS6; 13.3°C) and a cold (IS7; 5.4°C) stream. The average body length of E. claripennis larvae from the same two streams was calculated for each month for growth comparisons. A Wilcoxon´s test was performed to determine if there was a significant difference in the median body length of 4th instar E. minor larvae in different generations in the cold stream IS7 (5.4°C). Statistics were done in SigmaStat version 3.1 and in the statistical software R version 2.9.0.
rESulTS
The streams differed in temperature, averaging from 5.3°C to 21.3°C (Figure 2 , Table 1 ). Temperature fluctuations differed between streams, both on a monthly and annual basis. In streams IS7, IS5 and IS8 the water temperature was rather constant throughout the year compared to the other streams (Figure 2) .
The distribution of the head capsule width enabled us to separate the larvae into four instars, with each peak in the frequency histogram representing an instar ( Figure 3 , Table 1 ). The range of head width increased with each instar.
life cycle of Eukiefferiella claripennis
In the two coldest streams, IS7 (average annual temperature 5.4°C) and IS11 (average annual temperature 5.3°C), E. claripennis was univoltine, with emergence and appearance of a new generation during the summer (Figures 4 and 6) . In stream IS7, first instar larvae appeared in June or July, followed by second instar larvae in August to December, third instar from February to April, and in May only 4th instar larvae were found. A new generation appeared in June 2007 overlapping with the remainder of the previous generation. Pupae and pupal exuviae were found during the summer. In stream IS11 I  II  III  IV  I  II  III . E. claripennis in IS9 (average annual temperature 9.7°C) had a long winter generation, extending from late summer to late spring and a short summer generation, lasting only a few months. The larvae of the winter generation grew faster in this stream compared to the larvae in streams IS7 and IS11. In stream IS6 (average annual temperature 13.3°C) a similar life cycle pattern was seen as in IS9. In IS5 (average annual temperature 16.1°C) E. claripennis had at least two generations per year, with a long winter generation extending from late summer to spring. From May to July larvae of all instars were present in different proportions implying the possibility of more than one summer generations. In IS1 (average annual temperature 13.5°C) E. claripennis was bivoltine, with a similar life cycle pattern as in IS9 and IS6, although individuals of the winter generation seemed to grow faster compared to those found in IS9. In stream IS8 (average annual temperature 21.3°C) E. claripennis larvae were absent from the stream from February to May 2007 making life cycle analysis difficult. Spearman´s rank order correlation on the proportion of each instar between streams IS6 and IS7 revealed a non-significant correlation (P > 0.05) between all the instars expect the first (P = 0.031), indicating that the larvae had a different life cycle in the two streams. Comparison of the growth of the larvae in streams IS7 and IS6 (Figure 5 ), showed that the larvae of the winter generation grew faster in the warmer stream IS6 than the larvae in IS7. E. claripennis showed a difference in the number of generations completed in one year between streams of different temperatures. We therefore reject the null hypothesis and accept the alternative hypothesis that E. claripennis can complete more generations per year in warmer than in colder streams.
Eukiefferiella claripennis Eukiefferiella minor
Based on the presence of pupae and pupal exuviae, the emergence of E. claripennis occurred mostly during the summer, with highest abundance from May to September (in May accounting for 22.5%, in July 25.0%, August 12.5% and in September 27.5% of pupae and pupal exuviae found during the year). Only 10% of the pupae and pupal exuviae were found from December to April. In two of the warmer streams, IS5 (16.1°C) and IS1 (13.5°C), pupae and pupal exuviae were present during the winter, but in low numbers (Figure 6 ). These results indicate differences in the emergence pattern of E. claripennis related to temperature. In warmer streams individuals emerged both in winter and summer compared to only in summer in the colder streams. 
life cycle of Eukiefferiella minor
In stream IS7 (average annual temperature 5.4°C) E. minor had at least two generations per year, with a long winter generation, extending from late summer to spring and shorter summer generations (Figure 7 ). There was a significant difference between the median length of 4th instar larvae between the winter and summer generations (P < 0.05, Wilcoxon's test). The 4th instar larvae of the winter generations were larger than those of the summer generation (averaged 4.52 mm in May 2006 (winter generation) compared to 3.88 mm in August 2006 (summer generation)). In stream IS11 (5.3°C) E. minor was bivoltine with a long winter generation and a short summer generation (Figure 8) . Individuals of the winter generation grew slower in this stream compared to the larvae from stream IS7, with larvae reaching 4th instar mostly in May and June 2007, instead of April 2007 in stream IS7. In stream IS9 (9.7°C), E. minor was bivoltine with a similar life cycle pattern as in stream IS7. In stream IS6 (13.3°C) E. minor had at least two generations per year. In most months individuals of all larval stages were found, differing in proportions between months. In stream IS5 (16.1°C) E. minor had at least two generations per year. In stream IS1 (13.5°C) E. minor had two or more generations per year. In stream IS8 (21.3°C) E. minor is assumed to have two generations per year, although more individuals would be needed in some months to confirm this. E. minor completed two generations per year in all streams but in some streams (IS7, IS6, IS5 and IS1) a multivoltine life cycle is a possibility. A more frequent sampling would have been needed to determine this. We therefore reject the null hypothesis but cannot accept the alternative one either, because the results indicate that in some streams E. minor might be multivoltine, while in the other bivoltine unrelated to temperature.
Based on the presence of pupae and pupal exuviae, emergence of E. minor occurred mostly during the summer, with the highest abundance in May (accounting for 32.6% of pupae and pupal exuviae found during the year). The relative abundance of pupae and pupal exuviae were also high in June (12.1%), August (16.1%) and September (19.3%). Only a small number was recorded from December to March (in total 3.7%). In the warm stream, IS6 (13.3°C), pupae and pupal exuviae were found throughout the year (Figure 7 ). In the other streams pupae and pupal exuviae were not found during winter (Figure  7 and 8) .
dISCuSSION E. claripennis larvae developed and grew slower in the colder streams compared to the larvae in the warmer streams. The species completed one generation per year in the colder streams, but was bivoltine in the warmer streams. There is a possibility that the species completed more than two generations per year in the warmer streams, with one winter generation and more than one summer generation. Resolving this issue can only be done with more frequent sampling during the summer. Differences in emergence pattern of E. claripennis were also seen, with winter and summer emergence in two of the warmer streams (IS5 and IS1), while in colder streams emergence was only in summer. Individuals that develop and grow fast need more energy and ingest more food than those that grow more slowly. A shortage of suitable food could therefore be a limiting factor, especially for the fast growing summer generation(s) in the warm streams. Chironomid larvae feed mainly on algae, detritus, and invertebrates, and some studies mention macrophytes and woody debris as a food source (Berg 1995) . E. claripennis 4th instar larvae have been reported to feed preferentially on Chlorophyceae and Cyanophyceae, in a high nutrient enriched stream in France (Maasri et al. 2010) .
During the summer epilithic algal (diatoms, green algae and Cyanobacteria) production differed between streams in Hengill, which could not be explained by temperature or other environmental variable (Gudmundsdottir et al. 2011) . The algal community differed also between streams (Gudmundsdottir et al. 2011 ). E. claripennis, completing one generation per year in the two coldest streams, seemed to grow more rapidly in stream IS7 (annual average 5.4°C) than in stream IS11 (annual average 5.3°C). This could be due to more constant annual temperature, higher winter temperatures (Figure 2 ) and higher summer algal production (Gudmundsdottir et al. 2011) in stream IS7. In three warmer streams (IS9, IS6 and IS1), with high summer algal production like in the cold stream IS7 (Gudmundsdottir et al. 2011 ), E. claripennis was bivoltine. In the remaining two warmer streams (IS5 and IS8), where summer algal production was lower, like in the cold stream IS11 (Gudmundsdottir et al. 2011 ), E. claripennis was also bivoltine and possibly multivoltine in stream IS5 (average annual temperature 16.1°C).
This indicates that temperature, not algal production, was the limiting factor for growth and development of E. claripennis in the streams in Hengill during the summer.
During the winter, when primary production decreased (R. Gudmundsdóttir, University of Iceland, Iceland, pers. comm.), and water temperatures were lower than in summer (Figure  2) , conditions for the larvae were likely less favourable. In two of the warmest streams (IS5 and IS8), water temperatures were constant during the year, decreasing only slightly during winter (Figure 2 ). Here we might expect algal production to limit the growth and development of E. claripennis larvae during the winter, based on the fact that algal production was already low during summer (Gudmundsdottir et al. 2011 ). In the coldest stream (IS7), which had a rather stable water temperature throughout the year (Figure 2) , both temperature and algal production might be limiting. For the other cold stream (IS11), which had large annual temperature fluctuations, temperature and algal production are likely limiting factors. For the remainder of the streams (IS9, IS6 and IS1), the annual temperature fluctuations were higher, so both algal production and temperature might be limiting during winter.
In the colder streams the cover of bryophytes and vascular plants was low, but in the warmer streams the bryophyte species Fontinalis antipyretica was abundant, with up to 80% cover (Gudmundsdottir et al. 2011 ). The study (Gudmundsdottir et al. 2011) did not look at epiphytic algae on bryophytes and macrophytes in the streams, which might contribute to the food supply for chironomid larvae, especially in the warmer streams.
This study indicates that during the summer temperature limits growth and development of E. claripennis. In winter, temperature and algal production are likely limiting in most streams, except in the warm streams IS5 and IS8, where algal production is likely limiting. A study by Gislason et al. (1995) in River Laxá, NE Iceland, showed a temporal and spatial variation in the number of flight periods (up to two) of E. claripennis, related to benthic primary production. Stefánsson (2005) also indicated a temporal variability in the voltinism of E. claripennis, in the surface flowing River Daelisá in SW Iceland. The study showed that E. claripennis was bivoltine with one generation appearing in July and a second one in October (Stefánsson 2005) . Stefánsson (2005) predicted a univoltine life cycle during some years because of late emergence of the first generation.
E. minor had two generations per year in all the streams with a possibility of a multivoltine life cycle in four streams. In the colder streams, pupae and pupal exuviae were found from April to September, with highest numbers during spring and summer. From December to March no pupae or pupal exuviae were recorded in these streams. This pattern indicates that emergence was limited to the summer months, when stream temperatures ( Figure 2 ) and epilithic algal production was higher (R. Gudmundsdóttir, University of Iceland, Iceland, pers. comm.). In the coldest stream IS7 the short summer generation produced significantly smaller larvae compared to the larvae from the longer winter generation. These results are in accordance with Oliver (1971) , that noted that smaller individuals can be expected with increased temperature because development proceeds faster than growth. On the other hand, in the warm stream IS6 pupae and pupal exuviae were found in every month of sampling, except in April, with the highest abundances in May. These results indicate a continuous emergence throughout the year. This could be due to the higher water temperature in IS6, especially in winter ( Figure  2 ). Epilithic algal production was high in both streams IS7 and IS6 during the summer, especially in stream IS7 (mostly Cyanobacteria) (Gudmundsdottir et al. 2011 ). In the winter the primary production was lower than in the summer (R. Gudmundsdóttir, University of Iceland, Iceland, pers. comm.). Differences in algal production and stream temperature in winter could possibly explain the different emergence patterns in streams IS6 and IS7. Larvae of the winter generation of E. minor grew slower in stream IS11 than in IS7, this could be due to more constant annual temperature, higher winter temperatures ( Figure 2 ) and higher summer algal production (Gudmundsdottir et al. 2011) in stream IS7.
In River Daelisá, E. minor was reported to have at least two generations per year, with emergence from late April through late July (Stefánsson 2005) . A study on the flight period of chironomids in River Laxá, NE Iceland, showed that E. minor was one of the most common species in all traps, and seemed to have two flight periods per year. Samples were collected from May to October 1978 (Jonsson et al. 1986 , Gislason et al. 1995 , Gardarsson et al. 2000 , so knowledge on emergence during winter (the period from December to April) was lacking. A study on emergence of chironomids from Lake Mývatn and River Laxá, NE Iceland between, 1977 and 1992 indicated that E. minor had two flight periods per year (Gardarsson et al. 2000) . A study conducted between 1975 and 1978 in the oligotrophic Lake Thingvallavatn, S Iceland, showed that E. minor was bivoltine, with a short summer generation (2-3 months) and a long winter generation (9-10 months) (Lindegaard 1992) . These studies in Iceland indicate that E. minor is bivoltine at ambient temperatures in non-geothermal influenced streams. Results from the present study suggests that the timing of emergence of E. minor differs between streams of differing temperature, with a continuous emergence throughout the year in a warmer stream (IS6) compared to the colder streams, where emergence is limited to early summer to spring.
As the temperature rises in the Arctic the cold streams in Hengill will warm up, especially in winter as predicted (Christensen et al. 2007 ). We expect changes in the voltinism of E. claripennis by the end of the 21st century in the Arctic, from univoltine to bivoltine, following the projected warming (1.2°C to 5.3°C in summer and 4.3°C to 11.4°C in winter) (Christensen et al. 2007 ). An increase of 2.7°C in summer and 5.8°C in winter (difference between averages in streams IS9 and IS11) could cause these changes in the voltinism of E. claripennis. A further temperature rise, above the projected summer maximum (increase of 7.4 °C), but within the winter projected range (increase of 8.5°C, difference between streams IS1 and IS11), could result in changes in the emergence pattern of E. claripennis. Emergence might then occur not only during the summer, but also in winter. Changes in voltinism or emergence pattern are not expected to occur for E. minor by the end of the 21st century, following the projected warming in the Arctic (Christensen et al. 2007 ). In stream IS6 E. minor had a continuous emergence throughout the year. In the other streams the species did not emerge during winter. If the temperature would increase by 6.0°C on average in summer (difference between streams IS6 and IS11), then E. minor might emerge continuously throughout the year, as it does in stream IS6. This increase is just above the projected maximum of 5.3°C (Christensen et al. 2007) , so changes in emergence of E. minor are unlikely to occur by the end of the 21st century.
Chironomids are important food for other animals, especially fish (Steingrímsson & Gíslason 2002 ) and birds (Gardarsson 1979) . Hatching of birds' eggs and fish roes is timed according to the availability of food and other resources, and changes in emergence of chironomids could possibly lead to a decline or even a collapse of the breeding populations. A study at Lake Mývatn showed that the production of the duck species Bucephala islandica was limited by the availability of aquatic insects, and that there was a strong relationship between chironomid abundance and spring numbers of ducks (Einarsson et al. 2006) . The question remains whether phenological changes in chironomids and other aquatic taxa following global warming will have repercussions through the food-web. Phenological changes in predators of aquatic insects can be expected, following global warming, to match the changes in their prey.
